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ABSTRACT: A review of compressibility effects on dynamic stall of pitching airfoils and 
unsteady separation control by manipulation of unsteady vorticity using a deformable leading edge 
airfoil design is presented. 

L INTRODUCTION 

Dynamic stall is important to helicopters, pitching aircraft, wind turbines and 
turbomachinery. It is associated with the production of unsteady lift by rapidly pitching an airfoil 
past the static stall angle. The dynamic lift generated by the airfoil can be twice its maximum 
steady lift. This is attributable to the large amount of coherent vorticity and hence circulation, 
produced due to the unsteady pitching motion. A dynamic stall vortex abruptly forms near the 
leading edge, when the local vorticity level exceeds an unknown critical value. This occurs over a 
very small angle of attack range (0(0.5°)). The vortex convects over the airfoil, during which 
process a very strong, undesirable, nose down pitching moment is induced. Usually moment stall 
occurs prior to lift stall caused by vortex shedding (Ref. 1). Complicating matters is the fact that 
even at very low freestream speeds (M« = 0.3), the high angles of attack of the airfoil cause the 
local flow to become supersonic and eventually form shocks. These factors combine to accelerate 
dynamic stall onset, leading to a rapid loss of lift at progressively decreasing angles of attack with 
increasing compressibility effects. 

The mechanisms of compressible dynamic stall onset are very sensitive to the Reynolds 
number and Mach number of the flow and can change depending on whether the airfoil is tripped 
or not. Three different mechanisms have been identified and discussed in Ref. 2. 

1. The bursting of a laminar separation bubble at low Reynolds number (< lxlO 6 ) and Mach 
number (< 0.35) 

2. Shock induced separation at high Reynolds number (> 1.5xl0 6 ) and Mach number (> 0.4). In 
both cases, large values of leading edge adverse pressure gradient are involved. 

3. Interactions between the laminar bubble and the supersonic flow that rides over it at very low 
adverse pressure gradient for intermediate conditions. It can be changed to the pressure 
gradient type by simply tripping the airfoil. 

Ref. 3 shows that the vorticity flux in the flow is related to the adverse pressure gradient as 
follows: 
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Here, the LHS is the vorticity flux, the first term on the RHS is the unsteady surface acceleration, 
the second, the potential flow pressure gradient. The last term, the surface transpiration, is 
important when the flow is controlled using suction or injection. It is clear that control of dynamic 
stall requires manipulation of the flow vorticity field. In the absence of surface mass injection, it 
appears that the key to compressible dynamic stall control lies in controlling the leading edge 
adverse pressure gradient. However, the fixed geometry of the wing or airfoil makes it normally 



IteSSf prifTie md* hrcT!he™,Mm™Zj'dft m h “ rr ° i ' *“ desi8IKd “> “lively change 

adaptation in.roduce, an ^ ““^Son” ^ I* if* 

v^^£££ZZ."° independenl ,i,,,e ”'"• and depe " di "* «^SS 

II. DESCRIPTION OF THE EXPERIMENT 
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m. RESULTS AND DISCUSSION 
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Figure 3 (Ref. 6) shows the shape adaptation schedule used along with the airfoil angle of 
attack variation when the airfoil was oscillated as a = 10°+l0°sin(Dt, This case is referred to as the 
Shape Adapting while Pitching (SAP) airfoil. During each such deformation schedule, one phase- 
locked PDI image was recorded at a pre-selected angle of attack. The flow over Fixed, shape 
DDLE airfoils was also studied to compare the effects of dynamic shape adaptation on dynamic 
stall control. The need for shape adaptation arises in a rotor blade because of the high-speed flight 
on the advancing side and the slower, high angle of attack flight on the retreating side. 

The development of the peak suction over the NACA 0012, shape-8.5 and the SAP airfoils 
for M*> = 0.3, k = 0.05 is compared in Fig. 4 (Ref. 6). It shows that suction development over the 
two DDLE cases is delayed by about 2 degrees at lower angles of attack and by about 4 degrees at 
the higher ones. The abrupt loss of peak suction over the NACA 0012 airfoil indicates the 
occurrence of dynamic stall. On the other two airfoils, it is gradual even at high angles of attack, 
indicating trailing edge stall, a result borne out by the PDI pictures as well. For the DDLE cases, 
the recovery of the peak suction occurs at a higher angle of attack. Between the two DDLE cases 
studied, the SAP airfoil shows a smaller loop suggesting that its performance is better than that of 
the Fixed shape-8.5 airfoil. 

The vorticity flux over the two DDLE airfoils studied is plotted in Fig. 5 (Ref. 6). At the 
angles shown, the flow over the NACA 0012 airfoil (over which the peak vorticity levels is around 
300, even at lower angles of attack) is in deep dynamic stall state. The maximum level seen in Fig. 
5 is less than 150 proving that a 50% reduction was achieved using the DDLE concept enabling 
flow control. Thus, the vorticity did not coalesce and hence, no dynamic stall occurred and no 
vortex formed at this Mach number. The higher peak suction values and the flatter pressure 
distributions (Ref. 5) that were obtained for the DDLE airfoil lead one to believe that dynamic 
stall control was achieved without compromising the lift characteristics of the DDLE airfoil. 

IV. CONCLUSIONS 

Successful control of both steady and unsteady compressible flow separation over an airfoil 
was achieved using the concept of the DDLE airfoil. The airfoil enabled manipulation of the flow 
vorticity field by introducing large potential flow changes through very small leading edge 
modifications. 
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Fig. 1. Schematic of the DDLE design 



DDLE Shape 



Fig. 3. Typical airfoil shape adaptation 
schedule 



Fig. 2. DDLE airfoil flow regimes, M = 0.3, k = 0 


Fig. 4. Peak suction development over 
different airfoils, M = 0.3, k = 0.05 
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